Under ideal circumstances, given complete freedom to move, cardiac pumping may cause the whole human body to perform a complicated movement which can be described as translations in three dimensions (x, y, z) and, in addition, as rotations (a, 3, y) around three major axes. All six motions may occur simultaneously if appropriately stimulated by internal forces Fand moments M.
The three equations of motion for the force components Fx, Fy, and Fz in a Cartesian coordinate system, with its origin in the centre of gravity of the body, are Fx = msx + ms (Pzyy) Fy msy + ms (yx - 
with complete separation of variables. Since, in ballistocardiography, we deal with internally generated forces and moments, it is advantageous to fix the co-ordinate system to an appropriate point of the body frame. In doing this the same approximations remain valid for all practical purposes and hence the same six equations may be used. Using the new reference frame it can be shown that an internal force may be written as the product of body mass and the acceleration of the centre of gravity with respect to this reference frame, the internal acceleration of the centre of gravity, rc. Thus, from equation (4) it holds for the head-foot direction mSyc= msy and therefore, with proper initial conditions Yy=y and yc=Y Mx= Txxa +TxyI3 +TxzY +P(Tzxa+TzyI +Tzzy)-y(Tyxa +Tyyp +Tyzy) My =Tyxa +Tyyp+Tyzy+y(Txxa+±TxyI3 +Txzy)-a(Tzxa+Tzyp +Tzzy) (6) (7) (2) Mz= Tzxa+Tzyp +Tzzy +a(Tyxa +TyyP +Tyzy)-P(Txxa +Txyp +Txzy) in which the moments of inertia, T, are defined as and similarly for the other two directions (Starr & TXX= i( +zt)dm, &c. . and
(3) Txy= -xy dm, &c. with dm the mass contained in a small volume with co-ordinates x, y, and z. This means, in principle, that each force equation (eq. 1) contains rotational quantities, while all modes of rotation appear in each moment equation (eq. 2). Talbot 'This work was supported by grant HE 10,330-02 from the National Heart Institute, USPHS, Bethesda, Maryland, USA Instrumentation Ballistocardiographs (BCGs) in present-day usage can be divided into two classes: those with a natural frequency considerably below the heart frequency (ultra-low frequency; ULF) and those with a resonance frequency much higher than the heart rate (high frequency; HF). The former approximate the ideal situation in which external forces may be neglected and the equations (4)-{7), derived above, apply. The latter are strongly coupled to the environment and external forces cannot be neglected; the external coupling causes mechanical differentiation versus time. The coupling to the environment has the advantage of a well-defined zero position and permits the construction to be rugged; it has the disadvantage that the body's support to which the transducer is usually connected does not execute the same motion as the body (Starr & Noordergraaf 1962 ).
The older instruments were designed for one degree of freedom, the head-foot direction of the recumbent subject (y-axis), with but few exceptions (e.g. Reissman & Dimond 1953). The ULF instruments either have an overhead suspension, commonly four parallel cables (Burger etal. 1953 ), or are supported from underneath by a combination of positively and negatively acting springs (Talbot 1958 , Tolles 1966 or by leafsprings having their largest dimension in the horizontal plane (Klensch 1960 , Schwarzer & Reetz 1961 . The HF instrument presently used stands on four short vertically mounted blade springs (Starr & Noordergraaf 1962) .
Although Talbot had successfully completed the construction of a ULF mechanical suspension system with six degrees of freedom in 1958, the adaptation of the air bearing to ballistocardiography, gave the real impetus to the systematic design of BCGs with more than one degree of freedom. In these designs the subject is supported by a stiffplate, made out oflight material, that floats on air. Cunningham & Smiley (1961) designed such a ULF ingtrument which is supported by three air bearings, Martin (1961) one with a single air bearing. These instruments have three degrees of freedom: translation in the horizontal plane (x, y) and rotation around the z-axis (y). Air bearing designs allowing six degrees of freedom are under study (Cunningham & Saunders 1967) . It should be noted that the latter design provides almost perfect isolation from building vibrations.
Cable-suspended ULF BCGs can be given three degrees of freedom with suitably low resonance frequencies. To secure longitudinal (y) and lateral (x) records they have been used with four parallel cables. The natural frequency of rotation in the horizontal plane (y) will then tend to be around the heart frequency. It can be demonstrated that this natural frequency can be lowered to any desired level by moving the suspension points closer together (Baan & , Fig  1) .
The emphasis in instrumentation is clearly on the design of instruments of ultra-low natural frequency, but efforts are being made to give the HF instrument more degrees of freedom as witnessed by the work of Franke & Braunstein (1967) who have developed a HF system with three degrees of freedom, all linear (x,y,z) by mounting a chair on a combination of springs.
Interest has been reawakened in taking BCGs with the subject in a position different from the usual recumbent one. Harrison & Talbot (1967) developed a ULF instrument in which the patient assumes a sitting position. The same applies to the HF instruments of Franke & Braunstein (1967) and Trefny & Wagner (1967) . The main purpose in choosing the sitting position is to facilitate studies of the effect of exercise.
Relation to Other Physiological Events
It has proved possible to compute virtually the complete normal human longitudinal BCG from the redistribution of blood in the heart and in the larger arteries of the systemic and pulmonary arterial trees using a mathematical model. By subdividing the arteries in small segments of length Ayi (i=1,2,3,... .,115) and computing the mass in each of these segments in excess over the mass of blood contained at the diastolic pressure, the displacement of the centre of gravity as a function of time is given by
Yc(t) -m5E(2a + 1) Ap(t) Ayi (8) where Ap(t) denotes the difference between the pressure at instant t and the diastolic pressure, Yj the distance of segment i to a reference plane perpendicular to the y-axis, Aid the cross-sectional area of that segment at diastolic pressure, ai the ratio between its radius and wall thickness, Ei the modulus of elasticity of its wall material and p the density of blood. In a similar fashion the contribution made by the change in volume of the heart chambers and of the motion of the heart was calculated. This then gives the internal displacement and, after differentiation, velocity and acceleration of the centre of gravity. On the basis of the expressions (6) and (7) the predicted results may be tested against actually recorded curves (Noordergraaf 1961 , Elsbach & Rodrigo 1965 .
Equation (8) Assuming as a crude approximation that ko=y k1 (y) (11) is independent of y, equation (9) can be rewritten as yc(t) = pko i P dy (12) Assuming also that the pulse does not deform when it travels along an artery, integration over distance can be replaced by integration over time while changing the constant yc(t)=k i Ap dt (13) Differentiating both members of this equation twice with respect to time, one might expect some conformity between the acceleration BCG and the first time derivative of the pulse. However, without invoking the far-reaching assumptions that were applied in the transition from equation (9) to equation (13) one might rather anticipate a relationship between the acceleration BCG and the second derivative of the pressure pulse, as suggested by equation (8). The latter, though observed (Reeves et al. 1957) , has not been studied clinically. The former, Starr & Ogawa (1962) have pointed out, can be used effectively to distinguish between left and right heart abnormality.
It has recently been demonstrated by Josenhans (1966) that air movement into and out of the chest recorded during suspended breathing with open glottis and the ULF displacement BCG exhibit a striking similarity in curve form. Naturally, the question was raised whether such a change in air volume is compatible with the anticipated change in blood volume in the thoracic cavity. In a crude sense this indeed turned out to be the case. In contradistinction to the origin of the BCG, venous flow is of vital importance in the consideration of what may be called the thoracic air plethysmogram (Verdouw et al. 1967) . Unlike that with the pressure derivative, the relation with air flow does not seem to have been studied for clinical purposes.
Analog Computer Studies
The mathematical model referred to above (eq. 8) proved very useful in understanding the origin of the BCG quantitatively. It is, however, too unwieldy to be used efficiently for further studies. After a review of alternative possibilities it was decided to replace this mathematical model by a physical onemore specifically, an electrical model.
In a much simplified form the changes in pressure and flow over a segment of artery can be described by a pair of equations. This pair of equations is similar to another pair describing the change in voltage and current across a segment of cable used to transmit electrical signals, the telegraph equations. By striking a comparison between the corresponding terms in the two pairs of equations a quantitative translation of hemodynamic events (pressure and flow pulse transmission) into electrical events (voltage and current pulse transmission), and vice versa, was developed. On the basis of this translation a segment of distensible artery can be translated in a passive electrical network of a simple form. Construction of such passive circuits for segments of about 5 cm in length, each interconnected according to the topology dictated by the human body, resulted in a passive electrical model of the systemic arterial tree. Each terminal artery was loaded with a resistor mimicking the regional peripheral resistance. Additional circuitry made it possible to obtain the BCG as originated by the systemic arterial tree, which constitutes its major part, directly from the electrical model, when it is forced by a preliminary simple electrical model of left ventricular function (Noordergraaf 1963) .
The performance of this electrical analog was compared with data already available, obtained from studies on the normal systemic arterial tree. General agreement was found in all major aspects, e.g. in the value of foot-to-foot pulse wave velocity, the increase in amplitude of the pressure pulse and the diminution of the flow pulse as they travel distally, and the frequency dependence of the wave velocity of individual harmonics. Also the longitudinal displacement, velocity and acceleration BCGs resembled those secured on normal persons fairly closely when allowance was made for the fact that the electrical analog does not, as yet, cover the contributions of the atria and of the heart's motion. More detailed comparisons indicated discrepancies between the real system and the analog, the reasons for which were not immediately apparent. Further studies in depth have been awaiting the production of more information about the physical properties of the living arterial tree.
Without resorting to curve fitting procedures to diminish the discrepancies found, the analog was used to study a small series of clinical problems , Starr & Noordergraaf 1967 , Elsbach et al. 1966 .
A problem of particular interest in ballistocardiography is the relationship between the tracings recorded externally and the ventricular ejection curve. This interest was evoked by the results obtained from experiments on cadavers (Starr & Schnabel 1954) in which it was demonstrated that pattern as well as amplitude of the acceleration tracing was highly sensitive to the way in which blood is ejected by the left ventricle and thus to the contractile behaviour of the myocardium. This was later confirmed in experiments on dogs in which an electromagnetic flowmeter had been placed around the root of the aorta. Again it was observed that the acceleration BCG was highly sensitive to alterations in ejection pattern provoked by intracoronary injection of calcium gluconate or occlusion of a coronary artery not accompanied by appreciable changes in stroke volume (Winter et al. 1967) .
Since the BCG is defined by the redistribution of blood resulting from the cardiac pumping action its amplitude and wave form will, in part, depend on the properties of the arterial system. Hence, it would seem desirable to separate the factors which define the BCG into cardiac and vascular components. To this end we have derived mathematically an integral equation relating the BCG both to the cardiac ejection curve and to a function characterizing the properties of the vascular tree. The electrical analog computer described above was used to solve this integral equation and, when all else was kept constant, the marked effect of changes of the ejection curve on the acceleration BCG was demonstrated once more (Noordergraaf 1966 ).
In the meantime new physiological data have become available which have made it possible to improve the properties of the electrical model and increase their resemblance to those of the real arterial tree. These refinements, chiefly local adjustments of vascular readings, have eliminated the remaining discrepancies referred to earlier in this paper. It is planned to resume studies concerned with the effect of changes in the ventricular ejection curve as soon as studies comparing the properties of the electrical model with those of the true arterial tree have been completed.
